Abstract. The epidermal growth factor receptor (EGFR) family (also known as the ErbB protein family) is comprised of four structurally-related receptor tyrosine kinases. Insufficient ErbB signaling in humans is associated with the development of neurodegenerative diseases, such as multiple sclerosis and Alzheimer's disease. In contrast, excessive ErbB signaling is associated with the development of a wide variety of solid tumors. ErbB-1 and -2 are found in many human cancers and their excessive signaling may be critical factors in the development and malignancy of solid tumors. Several molecular strategies have been developed recently to modulate either EGFR or the downstream signal beyond the cell surface receptor. In the present study, we used human EGFR-overexpressing glioma xenograft cells 4910 and 5310 and targeted MMP-2 expression using an adenoviral RNAi construct. We observed that the RNAi-mediated downregulation of MMP-2 causes the upregulation of ErbB-2 in certain EGFR-overexpressing glioma xenograft cells both in vitro and in vivo. Targeted MMP-2 downregulation was observed in a dosedependent manner with no apparent off-target effects in these xenograft cells. We also noted that the overexpression of ErbB-2 induced by MMP-2 downregulation is consistent with p50-mediated cell death in 5310 cells but not in 4910 cells. In addition, APAF-1 expression levels increased in correlation with increased ErbB-2 expression after MMP-2 downregulation in vitro and in vivo. Our results suggest that MMP-2 may play a role in a hitherto unknown signaling pathway mediated via ErbB-2 in certain cancer cell types.
Introduction
The metastasis of cancer cells involves multiple steps, which include detachment from the tumor mass and invasion of the surrounding extracellular matrix (ECM) (1) . This invasion process is accompanied by the degradation of both macromolecular components of the ECM and the basement membrane and is regulated by the intrinsic properties of tumor cells as well as microenvironmental factors (2) . Matrix metalloproteinases (MMPs) comprise a family of zincdependent endopeptidases that are capable of degrading components of the ECM (3) . MMPs have been implicated in normal matrix remodeling events [e.g., tissue and organ development, wound healing (4)] and abnormal matrix remodeling (5) events [e.g., tumor invasion and metastasis (6) ]. High levels of MMP-2 and -9 have been found to correlate with enhanced metastasis and poor prognosis in patients with breast and other cancers (7) . Furthermore, MMP-2 activity is associated with the risk for a relapse in breast cancer patients (8) .
The ErbB family of receptor kinases includes four closely related members: epidermal growth factor receptor (EGFR or ErbB-1), -2, -3 and -4 (9) . Among the various family members, ErbB-2 is most directly related to breast cancer, and its relevance has recently been recognized in glioma patients (10) . Amplification of ErbB-2 is found in 20-30% of cancer patients who have solid tumors associated with poor prognosis (8) .
Epidermal growth factor (EGF)-like proteins comprise a group of structurally similar growth factors, which contain a conserved six-cysteine residue motif called the EGF-domain (11) . EGF-like factors are synthesized as transmembrane precursors. These precursors can undergo proteolytic cleavage at the cell surface to release a mature soluble ectodomain, a process often referred to as 'ectodomain shedding'. Ectodomain shedding of EGF-like factors has been linked to MMPs. Once shed from the cell surface, EGF-like factors bind to ErbB-1, -2, -3 or -4 (12, 13) . Heterodimerization or homodimerization of these receptors following ligand binding drives intracellular signal transduction cascades, which in turn, results in diverse cell fates including proliferation, differentiation, migration and inhibition of apoptosis (12) . In addition to its role in driving normal developmental processes, studies show that de-regulated ErbB signaling is associated with tumor formation in a variety of tissues and that ectodomain shedding of EGFlike factors is a critical event in this process. Although no specific ligand has yet been identified for ErbB-2, it is the preferred heterodimerization partner for all ErbB family members, and it plays a pivotal role in intracellular signaling mediated by other ErbB receptors. The status of ErbB-2 expression in a given cell is critical in determining cellular response to growth factors or environmental stimuli. Thus, knowledge of the molecular mechanisms by which EGF-like factors are shed from the cell surface and the nature of the proteases that governs this process are crucial in understanding ErbB receptor signaling and, ultimately, the development of novel cancer therapeutics that target the ErbB pathway.
Materials and methods
Construction of hpRNA-expressing adenovirus. The adenovirus was constructed using an adenoviral pSuppressor kit (Imgenex) as previously described (14) . The pSuppressor plasmid (pSup-3) containing the MMP-2 siRNA sequence 5'-AACGGACAAAGAGTTGGCAGTATCGATACTGCC AACTCTTTGTCCGTT-3' was digested with PacI and cotransfected with pAd vector backbone in 293 cells to generate an adenovirus containing MMP-2 siRNA (Ad-MMP-2). The pSV construct was used to construct an adenovirus containing the scrambled sequence (Ad-SV). Adenovirus generation, amplification, and titer were completed as previously described (15) . Viruses were plaque purified, propagated on 293 cells, and purified by cesium chloride gradient according to standard techniques. Particle titers of all adenoviruses were determined by absorbance measurements at 260 nm, and functional titers (plaque-forming units) were determined by end-point dilution titration in 293 cells. The amount of infective adenoviral vector per cell (plaque-forming units/cell) in culture medium was expressed as multiplicity of infection (MOI).
Cell lines and culture conditions. 4910 and 5310 human glioma xenograft cells were maintained as a monolayer in DMEM/F12 medium supplemented with 10% FBS, 50 units/ml penicillin and 50 μg/ml streptomycin (Life Technologies Inc., Frederick, MD) at 37˚C in a humidified 5% CO 2 atmosphere.
Gelatin zymography. MMP activity in conditioned medium was determined by gelatinase zymography as described previously (16) . 4910 and 5310 human glioma xenograft cells were infected with mock, Ad-SV, and the indicated doses of Ad-MMP-2 for 36 h. The cells were washed and incubated overnight with serum-free medium. Conditioned medium containing equal amounts of protein were electrophoresed in 7.5% SDS-polyacrylamide gels containing 1.5 mg/ml gelatin. The gels were washed and gently shaken in three consecutive washings in 2.5% Triton X-100 solution to remove SDS. The gels were then incubated at 37˚C overnight in incubation buffer [50 mmol/l Tris-HCl (pH 7.5), 0.05% NaN 3 , 5 mmol/l CaCl 2 , and 1 μmol/l ZnCl 2 ]. The gel was stained with 0.1% Coomassie brilliant blue in 10% acetic acid and 10% isopropanol and subsequently destained for 1 h. Gelatinolytic activities were identified as clear zones of lysis against a dark blue background.
Western blot analysis. 4910 and 5310 human glioma xenograft cells were infected with mock, Ad-SV, and the indicated doses of Ad-MMP-2 for 36 h. Cells were collected and total cell lysates were prepared in standard RIPA extraction buffer containing aprotinin and phenyl-methyl-sulfonyl-fluoride. Twenty micrograms of protein from these samples were separated under non-reducing conditions by 12% SDS-PAGE and transferred to nitrocellulose membranes (Schleicher & Schuell, Keene, NH). The membranes were immunoprobed for 2 h with antibodies against p50, APAF-1, ErbB-2, -3, -4, and caspase-8 as per standard protocols. Then, membranes were immunoprobed with appropriate HRP-conjugated secondary antibody, and developed according to enhanced chemiluminescence protocol (Amersham, Arlington Heights, IL). For loading control, the membranes were stripped and probed with monoclonal antibodies for GAPDH as per standard protocol.
Reverse transcription PCR. Total RNA was isolated from the control and Ad-MMP-2-infected cells using TRIzol according to standard protocol after 6, 12, 24, 48 and 72 h of infection. Total RNA was treated with DNase I (Invitrogen, Carlsbad, CA) to remove contaminating genomic DNA. First strand cDNA was prepared using Superscript III reverse transcriptase (Invitrogen). One hundred nanograms of first strand cDNA were used for PCR amplification, and the primers for MMP-2 GAPDH were used as the internal control. PCR analysis was performed as per standard protocol. MMP-2 mRNA expression was normalized to GAPDH and expressed as percent expression. FACS analysis. To analyze the impact of MMP-2 downregulation on glioma cell death, 4910 and 5310 human glioma xenograft cells were infected with various recombinant adenoviral constructs as described previously. After 36 h of infection, cells were harvested, stained with propidium iodide and sorted for sub-diploid DNA (apoptotic cell) content with a Becton-Dickinson FACS Calibur flow cytometer.
In vivo glioma studies. To determine the effect of MMP-2 downregulation in vivo, nude mice were implanted with 4910 or 5310 glioma xenograft cells. Briefly, nude mice were initially subcutaneously implanted with (5x10 6 ) 4910 or 5310 human glioma cells and allowed to grow for 10 days. After subcutaneous tumor development, the subcutaneous tumors were harvested and finely cut followed by trypnisation in 1/10 strength trypsin. After complete tissue disruption, the tumor suspension was washed 3 times by repeated centrifugation (1000 g for 3 min) and resuspended in serum-free DMEM. The cells were then counted and intracranially injected (1x10 6 cells per mouse), followed by intracranial injection of Ad-MMP-2 virus (1x10 6 or 10x10 6 pfu) after 10 days of glioma implantation. After adenovirus administration, mice were further allowed to grow for 15 days after which they were euthanized and brains harvested. The brains were paraffin-embedded and sectioned as per standard protocols followed by immunostaining of ErbB-2 or APAF-1 with appropriate primary and HRP conjugated (for ErbB-2) or Texas red conjugated (for APAF-1) secondary antibodies followed by visualization by light or fluorescent microscopy. The animal experiments were carried out according to our university ethics guidelines.
Results

RNAi-mediated downregulation of MMP-2 causes decreased MMP-2 expression and activity in 4910 and 5310 human glioma xenograft cells.
Glioma cells are known to produce high levels of MMP-2 and -9, which account for their invasive behavior. To determine the effect of MMP-2 downregulation in glioma xenograft cells, we used RNAi-based methods to construct an adenovirus targeting MMP-2. From the gelatin zymography results, we observed that RNAi-mediated downregulation of MMP-2 was specific and had no off-target effects (Fig. 1A) . To determine whether RNAi-mediated downregulation of MMP-2 changes over time, we carried out realtime PCR analysis for MMP-2 mRNA levels after infection with 2.5, 5.0 and 10.0 MOI of Ad-MMP-2 at 6, 12, 24, 48 and 72 h. We observed that the decrease in MMP-2 expression was dose-dependent and MMP-2 expression decreased over time in a non-linear manner (Fig. 1B) .
RNAi-mediated downregulation of MMP-2 causes accumulation of p50 levels in 5310 glioma xenograft cells but not in 4910 glioma xenograft cells.
It is known that NF-κB is associated with certain apoptotic events (17) . NF-κB is best characterized for its protective activity in response to proapoptotic stimuli; its role in suppressing programmed necrosis has come to light more recently. NF-κB is a complex composed of p50 and p65 subunits. To determine the role of p50 in MMP-2 regulation, we downregulated MMP-2 as described earlier in Materials and methods. Western blot analysis for p50 was carried out in glioma xenograft cells that were downregulated for MMP-2. We observed that p50 levels increased in a dose-dependent manner in 5310 cells, but not in 4910 cells (Fig. 1C) . Quantitative analysis confirmed that p50 levels increased with increasing MOI of Ad-MMP-2 in 5310 cells. In 4910 cells, p50 levels decreased with the maximum decrease observed at 5 MOI of Ad-MMP-2 (Fig. 1D) .
RNAi-mediated downregulation of MMP-2 causes APAF-1 accumulation in 5310 human glioma xenograft cells but not in 4910 cells.
When mitochondria are exposed to apoptotic stimuli, cytochrome c is released from the mitochondria into the cytoplasm. This cytochrome c in the cytoplasm associates with APAF-1 in the presence of dATP or ATP, thereby . For the control, we used uninfected or 10 MOI of Ad-SV. Expression levels of the p50 subunit of the NF-κB complex were determined by Western blot analysis (C). Expression levels of GAPDH were also determined and served as loading controls. Quantitative analysis of p50 expression levels was carried out with densitometry, and the experiments were performed in triplicate (D).
forming the apoptosome and activating caspase-9 (18). To determine whether MMP-2 downregulation causes the activation of the apoptosome complex, we measured APAF-1 expression levels in 4910 and 5310 human glioma xenograft cells after treatment with varying MOI of Ad-MMP-2. In 5310 cells, we observed that APAF-1 levels increased in a dose-dependent manner whereas we observed no significant change in APAF-1 levels in 4910 cells (Fig. 2A) . Quantitative analysis revealed a 4-fold increase in APAF-1 levels in 5310 cells, but no appreciable change in APAF-1 levels in 4910 cells (Fig. 2B) . The in vivo studies confirmed the in vitro results; from the immunohistochemical studies we observed the accumulation of APAF-1 in Ad-MMP-2 injected mice implanted with 5310 human glioma xenografts but not with 4910 glioma xenografts. In both the cases reduction in tumor volume was observed in a dose-dependent manner when compared to controls (Fig. 2B) .
RNAi-mediated downregulation of MMP-2 causes ErbB-2 accumulation in 5310 human glioma xenograft cell but not in 4910 cells.
To determine the effect of MMP-2 downregulation on ErbB-2, -3 and -4 levels, Western blot analysis was performed to measure expression levels of ErbB-2, -3, and -4. The results indicated no appreciable change in the expression levels of ErbB-2, -3, or -4 in 4910 cells after Ad-MMP-2 infection, whereas ErbB-2 levels increased in a dose-dependent manner in 5310 cells (no change in ErbB-3 or -4 levels) (Fig. 2C) . Quantitative analysis showed that ErbB-2 levels in 5310 cells increased 6-fold with 10 MOI of Ad-MMP-2; no significant change was observed in 4910 cells (Fig. 2D) . Similar to APAF-1 expression the in vivo studies confirmed the in vitro results; from the immunohistochemical studies we observed the accumulation of ErbB-2 in Ad-MMP-2 injected mice implanted with 5310 human glioma xenografts but not with 4910 glioma xenografts. In both the cases reduction in tumor volume was observed in a dose-dependent manner when compared to controls (Fig. 3) .
RNAi-mediated downregulation of MMP-2 causes activation of caspase-8 in 4910 human glioma xenograft cell but not in 5310 cells.
To determine whether MMP-2 downregulation causes the activation of caspase-8, we assessed caspase-8 activation in 4910 and 5310 human glioma xenograft cells after treatment with varying MOI of Ad-MMP-2. In 4910 cells, we observed that levels of cleaved caspase-8 increased in a dose-dependent manner whereas no significant change in cleaved caspase-8 was observed in 5310 cells (Fig. 4A) .
RNAi-mediated downregulation of MMP-2 causes G1/G0
arrest in 4910 and 5310 human glioma xenograft cells. To Figure 2 . Downregulation of MMP-2 causes the upregulation of APAF-1 and ErbB-2 in 5310 but not in 4910 human glioma xenograft in vitro. Human glioma xenograft cells 4910 and 5310 were infected with Ad-SV at 10 MOI or Ad-MMP-2 at 2.5, 5 or 10 MOI for 48 h. APAF-1 expression levels were determined by Western blot analysis. Expression levels of GAPDH were also determined and served as loading controls (A). Quantitative analysis of APAF-1 expression levels was determined by densitometry normalized to GAPDH expression levels. Experiments were performed in triplicate (B). Expression levels of ErbB-2, -3, and -4 were determined by Western blot analysis (C). Expression levels of GAPDH were also determined and served as loading controls. Quantitative analysis of ErbB-2 expression levels was determined by densitometry normalized to GAPDH expression levels, and experiments were performed in triplicate (D). determine whether MMP-2 downregulation causes cell cycle arrest, we used FACS analysis to assess DNA content of 4910 and 5310 human glioma xenograft cells after treatment with varying MOI of Ad-MMP-2. The FACS analysis results show dose-dependent arrest in G0/G1 phase in 5310 cells. However, in 4910 cells, the sub-G0 population increased significantly in a dose-dependent manner (Fig. 4B) .
Discussion
Characteristics of human malignant glioma are excessive proliferation, infiltrative growth, angiogenesis, and suppression of anti-tumor immune surveillance. In this study, we examined the effect of MMP-2 downregulation in glioma xenograft cell lines 4910 and 5310. Gliomas are known to produce high levels of proteases, particularly MMP-9 and -2. From the gelatin zymography results, we observed that 4910 cells overexpress MMP-2 as compared to MMP-9; however, expression levels of MMP-2 and -9 were similar in 5310 cells. From our time course studies, we observed that downregulation of MMP-2 occurs in a dose-and time-dependent manner. MT1-MMP activates pro-MMP-2 via its interaction with TIMP-2, which serves as an intermolecular bridge for pro-MMP-2 binding to MT-MMPs (19) , hence, targeting MMPs would be useful in controlling glioma invasiveness.
Further, MMPs are known to be associated with cell surface molecules like CD44, which can cause intracellular signaling (20) . Although the role of NF-κB in cell survival is well known, its role in the induction of apoptotic events is only now being understood. NF-κB most commonly antagonizes programmed cell death (PCD) by activating the expression of anti-apoptotic proteins and antioxidant molecules, but it can also promote PCD under certain conditions and in certain cell types (21) . In our study, we observed that 5310 cells show increased expression of the p50 component of NF-κB whereas we did not observe any change in the case of 4910 cells. Researchers have also shown that MKP-1 is an NF-κB-mediated pro-survival effecter in attenuating JNK-mediated pro-apoptotic response (22) . Western blot analysis revealed that APAF-1 levels increased in 5310 cells whereas no significant change was observed in 4910 cells. APAF-1 is involved in mitochondrial-mediated cell death where caspase-9, cytochrome c and the APAF-1 complex form the apoptosome complex. In mammalian cells, caspases-9, -8, and -2 rely on apoptosome complex, death-inducing signaling complex (DISC), and PIDDosome, respectively, for activation (23) . In our study, as evidenced by FACS analysis, 4910 cells show caspase-8 activation accompanied by DNA degradation, whereas APAF-1 upregulation is not accompanied by caspase-8 activation in In our previous studies, we demonstrated that MMP-2 downregulation induced apoptotic cell death in vitro and suppressed tumor growth of pre-established U-251 intracranial xenografts in nude mice (24) . However, the actual mechanism and the signaling events by which apoptotic cell death occurs after MMP-2 regulation have not yet been identified. The present study gives an indication of the possible mechanisms by which these apoptotic events may take place. Interestingly, no DNA damage was detected in 5310 cells; the cells were arrested in the G0/G1 phase after MMP-2 downregulation. In contrast, the sub-G0 population of cells increased in 4910 cells, indicating DNA damage and formation of apoptotic bodies, which is further evidence for DISC-mediated apoptosis.
In the present study, we also observed that downregulation of MMP-2 causes an increase in levels of ErbB-2 in 5310 cells but not in 4910 cells. From the in vivo studies we observed similar results essentially confirming in vitro studies. ErbBs belong to the EGFR family and EGF-like factors are synthesized as transmembrane precursors. These precursors can undergo proteolytic cleavage at the cell surface to release a mature soluble ectodomain, a process referred to as 'ectodomain shedding'. Ectodomain shedding of EGF-like factors has been linked to MMPs and a disintegrin and metalloprotease (ADAM) families. Shedding can be activated by a variety of pharmacological and physiological stimuli and these activation events have been linked to the enhancement of metalloprotease activity, possibly via the action of intracellular signaling modules. Once shed from the cell surface, EGF-like factors bind to a family of four cell surface receptors named ErbB-1, -2, -3 and -4 (25) . Our results demonstrate that MMP-2 may be responsible for accumulation of ErbB-2 in 5310 cells but not in 4910 cells. This accumulation may be mediated by the lack of ectodomain shedding as reported earlier (Fig. 5) . Further studies on the dimerization of ErbBs may be necessary to determine the mode of intracellular signaling after MMP-2 downregulation. Researchers have demonstrated that overexpression of ErbB-2 is positively associated with elevated levels of MMP-2 and MMP-9 (26) .
In this study we demonstrate the negative regulation of ErbB-2 in 5310 cells in relation to MMP-2. Our results demonstrate the possibility of multiple roles for MMP-2 and ErbB-2 in apoptosis regulation. In both of these xenograft cell lines, inhibition of proliferation was achieved (data not shown). Taken together, these results demonstrate the therapeutic potential of targeting MMP-2. To our knowledge this is the first report indicating the involvement of MMP-2 with ErbB-2.
